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Abstract 
A theoretical analysis is made on laminar open channel flows of magnetic fluid induced by a non uniform traveling magnetic 
field which is applied with a stator of a single-sided linear induction motor. The induced flows are mainly in the direction 
opposite to the traveling direction of the magnetic field and in proportion to the phase velocity of the magnetic field. The velocity 
profiles are greatly affected by dimensionless wave number of the magnetic field. Near the bottom of the channel, the theoretical 
velocity distributions agree well with experimental ones which are measured with a laser optical fiber velocity sensor. However, 
the experimental velocity distributions become larger near the free surface. 
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1. Introduction 
Because of the importance of the magnetic fluid flow induced by traveling or rotating magnetic field for the fluid 
control by a magnetic field of magnetic fluid or inducible source of energy conversion system using magnetic fluid 
as a working fluid, several theoretical [1-5] and experimental [6-10] studies have been conducted. 
In the theoretical studies, as one of the mechanism of the magnetic fluid flow in a rotating magnetic field, it is 
explained that the magnetic body forces generated by a magnetic torque and an inhomogeneous magnetic field due 
to the imbalance caused by the time difference of rotation between magnetic filed and magnetization vector cause 
the flow. In addition, Rosensweig et al. [5] give an insight as one of the mechanism that the circular flows induced 
by a rotating magnetic field are influenced by the shearing force on a free surface, which is related with imbalance 
of magnetization in magnetic fluid. However there is no suitable explanation so far to satisfy the velocity field and 
backflow phenomenon on a free surface. In the experimental studies, although a velocity measurement in magnetic 
fluid is seldom performed since a magnetic fluid is opaque fluid, there is a measuring method for magnetic fluid 
 
* Corresponding author. Tel.: +81-72-254-9233; fax: +81-72-254-9233. 
E-mail address: takuya.kuwahara@gmail.com. 
c© 2010 Published by Elsevier Ltd
Physics Procedia 9 (2010) 142–146
www.elsevier.com/locate/procedia
1875-3892 c© 2010 Published by Elsevier Ltd
doi:10.1016/j.phpro.2010.11.033
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Takuya Kuwahara/ Physics Procedia 00 (2010) 000±000 
flows by using a semiconductor laser and optical fiber which relatively easily pass through a magnetic fluid [9]. 
Recently there are some trials of velocity measurements in magnetic fluid using ultrasound velocimetry [11]. 
 In the present study, a quantitative numerical analysis is performed to evaluate the shearing forces, which are 
related with the imbalance phenomenon on the free surface in a magnetic field, considering the open channel flows 
of magnetic fluid induced by traveling magnetic field. In the analysis the governing equations that consider internal 
angular momentum of magnetic particle are used to find a velocity distribution, and so on. Furthermore, the 
measurement using a semiconductor laser and optical fiber is carried out to compare and evaluate the numerical 
results. 
2. Theoretical analysis 
As shown in Fig. 1, a magnetic fluid, which is nonconductive and incompressible, is located in a wide open 
channel with a depth of a. An ideal stator of linear motor, where the edge and slot effects can be negligible, is set 
under the bottom of the magnetic fluid channel with a distance h. In the analysis, the interface instability and the 
wave phenomenon are not considered, namely the interface is considered as approximately plane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A non uniform traveling magnetic field applied by a stator coil are generated by the following surface current 
which is distributed in the shape of a sinusoidal wave traveling in the positive z direction. 
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where E is the angular frequency, k is the wave number and Ia is the applied electric current. C represents the 
particular proportionality constant of the linear motor which can be experimentally determined by a measurement of 
the magnetic field. The magnetic field decays exponentially in the y direction. In this way, when the traveling 
magnetic field is applied to the magnetic fluid in an open channel, the flows are induced. 
To analyze the flow, Glazov¶s equations [3, 4] that consider the internal rotation of a magnetic particle are 
adopted. In addition, the calculation is performed on the assumption of the linear relationship between 
magnetization and magnetic field.  
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Fig. 1  Analysis model and coordinate system. 
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where He is the static equilibrium magnetic field, eHH #  in a magnetic fluid, v is the fluid velocity, p is the 
pressure, Re is the Reynolds number, M is the magnetization of magnetic fluid, : is the angular velocity vector of a 
magnetic particle and Z is that of a magnetic fluid and half of vorticity. The subscript ³e´ denotes a balanced value, 
)(  is the time average value. Q, Q1, 33Per are non-dimensional parameters given by 
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where Ws is the relaxation time due to fluid friction, U is the density of magnetic fluid, a is the depth in the magnetic 
fluid, vp is the phase velocity of the traveling magnetic field, P is the magnetic permeability in vacuum, F is the 
magnetic susceptibility, WB is Brownian relaxation time, A is the magnitude of magnetic field, D1 is Glazov¶s 
constant and n is the number density of magnetic particles. In this analysis, the Neel relaxation is so small compared 
with Brownian one that the influence of it is negligible. 
2.1. Boundary conditions 
The non-slip condition is applied to the bottom, i.e. at y=h. At the free surface (interface), the following equations 
are used: 
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where the superscript ¶ denotes the outer region of magnetic fluid, I is the second order unit tensor, H is the Levi-
Civita symbol, ] is the mean curvature of the interface, V is the surface tension, n in the outward-directed normal 
unit vector at the interface. The analysis is carried out for one-dimensional parallel flow [1], based on the above 
equations and the boundary conditions. 
3. Results and discussion 
The calculation is performed with the fluid property of a diluted water-based magnetic fluid (Taiho Industry, 
Ferricoloid W-35) to be the density of 1050 kg/m
3
 at 10 Υ. 
Figure 2 shows the resultant velocity distributions under the various conditions. It is noted that Jis the non-
dimensional parameter that is proportional to the electric current. JandU are given by 
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The results show that flow velocity distributions have a convex shape influenced by a negative shearing force on 
surface because of the rotation of particles. These results are completely different from the general parabolic 
velocity distribution at lower position, which is found in the case of two-dimensional Hagen-Poiseuille open channel 
flow in a viscous fluid laminar flow. In particular, with the large wave number k (Fig. 2 (c) and (d)), the back flow is 
enhanced by the traveling magnetic field at the lower position close to the bottom. The magnetic body force Fmz due 
to the spatial non uniformity of magnetic field acts in the same direction as the traveling direction of magnetic field. 
The magnetic body force Frz due to the magnetic torque caused by the nonequilibrium of magnetization vector and 
viscous force acts in the direction opposite to the traveling direction of magnetic field. Under the present condition, 
the gradient of the magnetic field in the y-direction becomes larger at the lower position with the wave number k, 
and then the magnetic body force Fmz becomes larger than the magnetic body force Frz. This is a possible reason of 
these results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An appropriate experiment using a semiconductor laser and optical fiber is also performed. The same tendencies 
of velocity distribution as the numerical results are measured. The experimental results [9, 10] support the numerical 
one. 
4. Conclusions 
From the results of the present study gives the following conclusions: 
The magnetic force Fmz due to the spatial nonuniformity of magnetic field acts in the same direction as the 
traveling direction of magnetic field. The magnetic force Frz due to the magnetic torque caused by the 
nonequilibrium of magnetization vector and viscous force acts in the opposite direction of the traveling direction of 
magnetic field. 
The flow characteristics depend on the wave number k. The flow in the same direction as the traveling direction 
of magnetic field tends to be induced by k since the magnetic force Fmz is enhanced by k. 
 
 
 
 
Fig. 2  Numerical  results of velocity distribution. 
(a) k=0.419, h=1.0
(b) k=0.419, h=0 (d) k=0.800, h=0
(c) k=0.800, h=1.0
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